Accurate feed formulation relies heavily on chemical analyses of the component ingredients (Lerman and Bie, 1975) . Often there is limited time and money to perform chemical analyses; sampling is inadequate and replication poor. Near-infrared reflectance spectroscopy (NIRS) is capable of relieving these constraints because it can provide quick, nondestructive estimates of the amounts of moisture and the major nutrients in feed ingredients (DeBoever et al., 1994; Batten, 1998; Williams and Norris, 2001) . The NIRS can also provide compositional analysis of mixed feeds for quality control of the feed mixing process (Norris et al., 1976) .
INTRODUCTION
ABSTRACT The purpose of this study was to determine the feasibility of estimating the total and phytate P content of common poultry feed ingredients by near-infrared reflectance spectroscopy (NIRS). Samples of 8 plant-origin feedstuffs were collected from poultry producers in the USA and Canada during the summer of 2009: corn (133), soybean meal (114), corn distillers dried grains with solubles (DDGS; 89), bakery byproduct meal (95), wheat (22), wheat middlings (31), canola meal (21), and wheat shorts (15). The samples were assayed by standard wet chemical techniques for total and phytate P contents. There was considerable variation found in most of the ingredient components.
The average values for the laboratory determinations versus NIRS predictions were all within 0.030 for total phosphorus and 0.012 for phytate P. For phytate P, the magnitude of the standard errors of the predictions ranged from 0.009% for soybean meal to 0.012% for canola meal. These values may be sufficiently precise for nutritionists to use the NIRS predictions to estimate how much of the P in their ingredients is not available to the birds. For total P, the magnitude of the standard errors of the predictions ranged from 0.027% for corn DDGS to 0.142% for wheat middlings. In general, total P predictions by NIRS were not generally sufficiently precise for most nutritionists to use in feed formulation. Decision making may be quite easy in using NIRS estimates for the phytate P content of bakery by-product meal [R 2 = 0.89 for predicted = f (determined)] but not for the total P content of soybean meal (R 2 = 0.03). It is concluded that precise estimates of phytate P through NIRS should allow nutritionists for more efficient formulate and mix feed, lowering feed costs and reducing the amount of residual polluting phosphorus in poultry excreta.
In a previous paper (Tahir et al., 2012) , we recently demonstrated the great challenge facing feed formulators not able to quickly sample and analyze each batch of feed ingredients when they reach the feed mill: there is considerable variation in the composition of feed ingredients for poultry. In the present study, we show the results of NIRS calibrations for quickly estimating the nutrient composition of these same feed ingredients.
The primary objective of this study was to calibrate an NIR spectrometer for the total and phytate P content of common poultry feed ingredients. The secondary objective is to provide a tool to replace traditional wet chemical methods for the estimation of phytate P in feed ingredients. The ability to promptly and accurately estimate phytate P in feed ingredients should allow for more efficient feed formulation and compounding, lowering feed costs and reducing the amount of residual polluting P in poultry excreta.
MATERIALS AND METHODS
Approximately 500 g of the common poultry feed ingredients corn, soybean meal, corn distillers dried grain with solubles (DDGS), bakery by-product meal, wheat, wheat middlings, canola meal, and wheat shorts was mailed to our laboratory from poultry feed mills in the United States and Canada during the summer of 2009. There were 133 corn, 114 soybean meal, 89 corn DDGS, 95 bakery by-product meal, 22 wheat, 31 wheat middlings, 21 canola, and 15 wheat shorts samples.
Samples were stored at 2°C until analysis. The samples were reduced using a feed sample divider, finely ground through a 1-mm sieve, and were placed in selfsealing plastic bags from which all samples for analysis were obtained. The ground samples were subjected to proximate analysis of total and phytate P content, for developing a database for NIRS analysis.
Two grams of each sample were weighed into a crucible and ashed at 600°C in a muffle furnace overnight. Samples were cooled, and 10 mL of concentrated HCl was added. The crucibles were then placed on a 100°C hotplate for 10 min, after which samples were again cooled and 10 mL of deionized water was added. Samples were then filtered through Whatman 541 filter paper before being loaded into the Technicon Auto Analyzer 2 for total P (O'Neill and Webb, 1970) determinations. The method of Latta and Eskin (1980) was used to determine phytate P.
Each ground sample was scanned in a closed "¼ full" rectangular cup in a Foss model 6500 scanning monochromatorusing Foss ISIscan software (FOSS NIRSystems, Laurel, MD). Each spectrum was recorded once from each sample and was obtained as the average of 32 successive scans over the sample with 16 scans of the instrument internal reference. All near-infrared reflection spectra were recorded as log 1/R (where R = reflectance) in the wavelength range from 1,100 to 2,498.8 nm at 2-nm intervals. This procedure of scanning the sample was finished within about 1 min per sample. The spectra were exported to the WinISI and were combined with the lab data. New calibrations were developed in WinISI version 4.0.3 for each of the feed ingredients used in the domain of this study. Twenty samples each from corn, soybean meal, corn DDGS, and bakery by-product meal were randomly selected and set aside for validating the calibrations. The validation of the equations for wheat, wheat middlings, canola meal, and wheat shorts were represented by 6, 8, 6, and 5 samples, respectively. The remaining samples in each feed ingredient were used to create the calibration. The principle component analysis was used to create the score file for each feed ingredient. The Global H cutoff was set to 6. The spectral and compositional outliers were deleted for calibration. The modified partial least squares regression, combination of math treatments (1, 4, 4, 1) and scatter corrections that provided the lowest standard error of cross validation, the highest R 2 and 1 − VR were chosen for the standard curves using the method of Berzaghi et al. (2000) . These equations were used to predict the total P and phytate P content of the validation and prediction sets. The validation of the equation was performed by using the samples already kept aside and the predicted values were plotted against the lab values.
RESULTS AND DISCUSSION
The NIRS was able to predict phytate P much better than total P (Table 1) . This was expected because only organic molecules absorb light in the near-infrared region (DeBoever et al., 1994) . The phosphate functional groups of organic phytate cause nearby carbonhydrogen and oxygen-hydrogen bonds to absorb light at slightly different wavelengths in the near-infrared region, allowing for an indirect calibration for phytate P. The near-infrared spectra of samples of known phytate P contents were compared with unknown samples to make indirect estimates of their composition (Shenk et al., 1992) . So, although both total and phytate P estimates are indirect, phytate P detection is related more directly to its molecular structure, whereas total P determinations are related to correlations between total P and organic molecules that reflect in the near-infrared region (Clark et al.,1987) .
The statistic that may be used to objectively evaluate NIRS predictions is one minus the variance ratio (1 − VR; Table 1 ). It is an R 2 -type term from the cross validation set that explains how much of the constituents' variance is explained by the calibration equation (Arganosa et al., 2006) . If 1 − VR is positive, the NIRS predictions obtained during cross validation are better than using the average analyzed value to predict those same samples. The use of 1 − VR for the interpretation of NIRS results is objective, further interpretation is subjective. The R 2 is the coefficient of determination that describes the amount of variance (of the constituents) in the calibration sample explained by the NIR calibration. The pertinent question is whether the coefficients of determination (R 2 ) values are high enough and whether predicted accuracy values are small enough for producers to decide to add more or less supplemental P to their feeds based on the NIRS predictions. It may be easy to make the decision to use NIRS estimates (Table 1) for the phytate P content of bakery by-product meal (R 2 = 0.89; SECV = 0.02), but not for the total P content of soybean meal (R 2 = 0.03; SECV = 0.06). Decisions for the other ingredients will depend on many other factors including the magnitude of variation observed for the particular ingredient and the supplier history (uniformity of product over time).
The NIRS validation set used in this analysis was based on choosing about 80% of the samples for the 4 Number of terms considered by the WinISI version 4.0.3 for the total and phytate P contents of common poultry feed ingredients were 3, 1, 3, 5, 2, 2, 1, 2 and 9, 9, 8, 8, 2, 2, 2, 2, respectively.
5 DDGS = dried distillers grain with solubles. 
Slope of least squares line relating NIRS-predicted values (X) to laboratory determinations (Y).
3 Global H is a distance measure to the average spectrum of the calibration set. 4 Neighborhood H is a distance measure to the most similar spectrum in the calibration set. 5 Average phytate phosphorus content based on the method of Latta and Eskin (1980) . 6 Average phytate phosphorus content based on the NIRS predictions. 7 DDGS = dried distillers grain with solubles.
calibration and about 20% of the samples for the validation data set (Table 2) . Global H values are measures of how far a spectrum is from the average spectrum, scaled so that the average Global H value for the calibration set is 1.0. An average Global H value near 1.0 in a prediction set indicates a spread of spectra similar to that of the calibration set. Average Global H values below 3 are considered acceptable, so the values in Table 1 are good, as is also evidenced by Figures 1, 2 , 3, 4, 5, 6, 7, and 8. Another interesting static to consider is the slope between the NIR predicted values and reference values for the validation samples (Table 2) . Slopes should be near 1.0. The slopes for total P in soybean meal (2.294), wheat (1.678), wheat middlings (0.272), and canola meal (−6.142) indicate problems that should be investigated further. Similarly, the slopes for phytate P in canola meal (2.243) indicate problems for those constituents. These values could improve with increased sample sizes. The average values for the laboratory determinations versus NIRS predictions were all within 0.030 for total and 0.012 for phytate P. The standard errors of the predictions were higher for total P, ranging from 0.027 for corn DDGS to 0.142% for wheat middlings. For feed formulation purposes, errors of this magnitude would not be acceptable to most nutritionists who would not want to include a margin of safety of this magnitude to ensure that enough total P was present to meet their flocks' P needs. This supported the results of Reeves (2001) , who could not produce a very satisfactory calibration for total P in poultry manure. However, for phytate P, the magnitude of the standard error of prediction of our samples (0.009% for soybean meal to 0.012% for canola meal) were found to be smaller than the values reported in the scientific literatures (Shenk and Westerhaus, 1985; Clark et al., 1987; Jones et al., 1987; DeBoever et al., 1994) . These values should be sufficiently precise for most nutritionists to use the NIRS predictions to estimate how much of the P in their ingredients was not available to the birds. That is, the phytate P is not available without supplemental phytase or 1-α-OH vitamin D 3 (Edwards, 2002) .
Feed formulation is a most dynamic branch of the applied agricultural sciences. Genetic improvements in both birds and ingredients (plant-derived products) have been steady for some time. It appears there will continue to be changes in both bird and ingredient compositions due to genetic changes (Delwiche et al., 2006) . The NIRS can be valuable in both changing feed ingredients such as soybeans through genetic selection and in monitoring the resultant feed ingredients used in feeds (Delwiche et al., 2006) . Nutritionists need to continually monitor both their birds' requirements and ingredient compositions as they change. The NIRS is one tool that nutritionists may use to help control the nutritional composition of their feeds, and even the composition of the birds being produced (Kadim et al., 2005) . DeBoever et al. (1994) demonstrated it is practical to predict total P for wheat by-products and phytate P for corn gluten feed using NIRS; the present results show the technique may be practical for P forms in other feed ingredients.
